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!.0 INTRODUCTION

Because advanced composite ,Tw_te_ialse,e ,,no_f_gever _ncreas_ng

_pplicat!on in many different engineering structures, designers and

_sers are interested in _,,u_,nga_ _uch auuu- _,,_pFopertles a_d

behavior of these materials as possible. One inportant area of study is

nondestruc_.ivetesting and ....'" *_ _"

being able to detect damage and to predict re_Inlng service based upon

such de_.ection. In addition, because the_ _aterlal_ ale _elat_vely

new, a need exists for nondestructive techniques which can _onltOr

damage as it develops and "'_-' .....j,_,d info_atlon wt,ic_,can be u_ed to oeve_op

failure theories applicable to composites. _e such technique, whic_I

previous wOrK by Vary an_ co ;ork_rs '"^"........- ),,_,,

_otential in this respect, is the _easurment of the _ress Wave Factor

(SWF). A very important benefit of "_- ._.w._....- ._. _,,.__,,_

_easureme.ntof t_e S_WFyields a paraneter _Ich one might be able to use

The _)rk reported _ere covers the initial _ort_on of a con+.inuing

investigation of t_e st'eSS "_"_ facto" ...w...... _ .....u .......

posed to be an independent:!nves:i,;atlonand evalua_.ionof t,_eSWF tech-

nique for cha-acterizi-_ "_,o ._ec_an_Cal"""'"'"" Of "_'°" ...........

site laminates. _e ma_o_ objectives o_ tl_isinvestigation were:

(I) evaluate the reproduclW_ity 0_ "re SW_ .o_w.+_,,=. ,_. ^_.._.._.

evaluate relatienships between microstructure, _w_chanicalproperties,

(_,) correlate the S'4Fand ot_er N3E data to Sub-critlca! damage states

caused by _c_,a_ical l}ading. .-hepre!i_n._ry _rk cevere__ by _.-.is



-eport period e_phas _,-_ ?._Im_inn nf nh_prfiv_ _I) and (_ h,lt _._

work has been performed on objective (3) as we]].

_or concern with any quantitative _DE technique _s the -_prO-

ducioility of the data. in particu]ar, if one is to obtain a usab|e.

meaningful paraneter :hat iS so._eh_w !_C_SiY_ o? _x_ecte_ _e_er_I

behavior. _he obtained parameter ,_st be reproducible from day-to-day.

fro_ operator-to-operator, and fro? specim___-So-s_ecime.n: To inveSti-

gate the reproduclbillty of t_e SWF parameter, a large m_ber of tests

have bee_ run on a slng_e glass e_o_y spe¢!me,. _ese tests i_cl_ded

various couplants, methods Of attacTmnt. {ontac_ pressures, instrument

_etti_gs. etC. These tests were perf_ gnti_ _,e opera_ors became

satisfied %hat they_ere a_e to obtain a reproducible value of SW_ to

within a 10% error. Details w_11 be prese,te_ _ the ne_t section of

thiS ,e_ort.

After _he test techrique was refined to the point where the repro-

ducibility of the data was w_thln a _!O_ e,ror, severa_ tensile coupons

o? _lass epoxy, composite _aterial were o-roared fo- _easu-e_ent of S__

values along t4e _eq_t_ of the s_eci_en. A s_g_if_cant n_ber of tests

were made. varying the _ara_eters for $WF _ea_re_ent and ta<in_

•ult_ple readings for e-rot analysis. _ese specimens _ere then teste_

in =uasi-static tension to fai}ure. Goo_ correlation has be_n found

_etween the poigt at which the specimens failed a_d the region havi_g

t_e _owest SWF val_es when a particular set of _easure_ent _arameters

are chosen. Further detai_s of these tests are _iven in section 3.0.

Section 4._ of %his report discusses a possl_le p_ilosophy ,or

interpretatihn o_ the S_F-materia] condition interreiation_hip. _o

su_por_ :his idea. s3_ preliminary -esults are siren _h;ch ShOW 5oo_



correTatlon between strain field _asu.ed by a Co!re inte?fero_tf_c

nethod and the S_F values. These results indicate that the stress _ave

?_ctor appears also to _easure so._e o_ality of the initial $peci,_e_

_ich is re:ated to local stiffness values of the material.

2.0 _EPRO_UCIBILITY OF THE SWr _EAS:JREME_TS

The Initial portion of the work to be presented in thls report

involved measureM.ent of the _k_IAFby t_e _E T .Mode3 20_ A_J_ _O,jstic

Z_ission/Stress Wave A_alyzer _oustic E_ission Technolo!ly

Corporation). This device .4e.s designed spec!flc_)!y for tqe p,srpg_e of

making measurer4ents of the _VF but it a!so serves as a standard signal

conditioner for no_r_l acoustic _ss!on _ni1orin). T)in ! t_is device=

an initial test program _S deslgneO to include three parts: I) the

degree of stabilization of t_e test instr,)ent_ ii) _echnliues for

_asuring SWF and ill) reproducibility of the _ measur_ent.

2.1 Tests on Sta)illzatlon of System Insteumentation

changes occurred in the instrument during the war_°up period. The first

obse-v_tion was that the?e _ _ notlceab)_ _,,_,,_ i_ th_ _,_ r_p_.-

titio_ rate with time. 2n particular, for a trlgge_ rate of I KHZ and a

sweep rate of 312 u sec/div, thr_e a._d ^'^ +'_r_ _'* ..... _u,,c-_,,, _u.c_ _c,_ .,J,..,_ ..,,^"

the CRT at t=O (Fig. I). After a warm-up ti,_e of four hours, four gates

_ere observed on the CRT. • ........ + _..^_..^_ ........... _.w.. .....

not this gate shift had a large influence on the measured value of the

SWF.

The second observation was that a decrease occurred in the level of

the _Ixed thres#lold with ti?.e. _s wit _ .... ""d _^"¢'_-" _¢_"

3



studies, the threshold levet is a setting for countlng excursions above

a set level of the signal from the transducer. Each time the signal

rises above this threshold level a single count Is recorded. It was

found that ¢or our particular instr'._ment a gradual decrease of 10-!5% In

the Cixed threshold leve _, occurred during the first four hours of warm-

uo o_ the instrument. After this time, the threshold 3evei stabi-

lized. _able I and Fig. 2 present the data obtained on three separate

occasions for this shift.

The observation of such instrument changes is pointed out here as a

cautionary advice for the experimenter and also because of the fac: that

such changes will affect any observations one might attempt to _ake con-

cerning the reproc_Jcibility of the SWF measurement. One must obviously

make sure that there are _itt|e or no Instrumentation shifts if. over a

Tong period of time. he is going to be ,_king and COr_)aring values o:

5WF fro_ diffe.ent pa.ts of the same specimen Or fr_ different

specinens.

In order to c_termire if there were any variations with tine _,n the

signa; itself the signal was saqo_ed at different tines by a :ransiert

recorder and plo::ed. Figures 3 and 4 present _.ypical resul:s fror one

of five tests which were run in this _anner. Figure 3 is an individuai

signal Crom a glass epoxy cor_osite laninate acquired at a tl_e after

the instru_nt had warned-up. _e S_F at this ti_m was 23,200. T_entv

Binutes _ater, the SWF had cnanged to a value of 20.BOO (a I0.3_

decrease) and an indivic_al si_._aT ,a_, aga.,_tecar_d

(Fig. 4). Careful observation of the t_ signals shows that there is

essent_ally no change in :he sfgnal Itself. _ L',u5 appeaF5 ;_e_y _ha:

changes in _easured values of SWF occur due to ir,stru_en:at_on



Table 1. Variation of the ftxed threshold level (volts) versus time.

t:O 30 mln. 60 mtn. go rain. 120 rain. 1S:3mtn. 180 mtn. 8 hr. change % change

Z.O0 1.91 1.85 1.81 1.79 ......... 0.21 11.0

2.00 1.90 1.87 1.85 1.84 ...... 1.7g 0.21 11.1

1.00 0.93 0.91 0.89 0.88 0.87 0.87 0.85 0.15 16.1



variations and not due to any change in couplant or transOucer which

would directly alter the -,ece,,:_'^__l_,,_"--;.

2.2 Test Progra_ for Optimizing SWF Measurement Technique

;#hen making an SWF _easurement, one _JSt apply two transducers,

sender and a receiver, to the specimen. In making this connection,

three parameters are important for consideration: i) the applied pres-

sure _etween the transducer and specimen, li) the type of coupling

agent used between the transducer and soecimen, and ttt) the method of

applying the transducers to the specimen (i.e., type of cl_, backing

plate, etc.). Also, the instrument used to condition the signal and

detenine the stress wave factor may be adjusted in a numoer of way:,

all of which may have so_eeffect on the value of the SWF, Many dif-

ferent tests were run to obtain infor,_ation in each of these areas. The

important findings will be described in this section.

To obtain a constant reading of the SWF, it was found to be

necessary to a)Ply a load of at least two PounUs on each transduce e. AS

the applied Toad is increased, the value of the SWF decreases s_ight'y,

until, for loads of twenty pounds or _o_e on each transducer, the va_ue

of SWF remains constant with ioad. For the larger val_es of load, how-

ever, one begins to notice some surface da,_age occurring on the specimen

where contact is made with the transducers. As the SwF vaiue was _o_nd

to remain constant with load above twenty Pounds. this value was

selected for all subsequent tests since it caused no visiDie _amage anU

is sufficiently high that one can easily reproduce its value fro_ test

to test without t_e danger of _naii variations in the )oad being

responsible for variations in the _easured value of SWF.



Several different types of couplants were tested once a fixed value

of load apolled to the transducer was selected. In the order of

increasing vlscosity, these col:plants included Nonaq Stoocock grease,

Ultragel couplant, Do_-Corning silicon grease, and Panametrtcs shear

wave couplant. The _argest viscosity couplant (Panametrlcsl Drov':ded

the highest value of SWF for glass epoxy specimens wflen readings were

taken at the s_e location on a given specimen under a fixed va_,ue of

load applied to the transducers. T_picaI results are presented in

Table 2. ,'he maximun and _ini_ values reported for each run occur due

to noise in the system. Between each run, the transducers were removed

from the specimen, the surface was cleaned, and the coupla_t and trans-

ducers were reapplied, One might also note that Table 2 indicates that,

for readings taken usin_ Panametrics couplant, there is a _maller per-

centage dlffeeence in the noise variation for an:/ run and a snaiier

standard deviatio_ in the ave-age va',ues fr_ run to run. Hence for all

subseq.Jen+. work eeported herein, tlle Paoametelcs cou_la_t was used.

As a f_rther test or.the e,'fec: of couplant upon the ,_easJeed SWF

va_'ue, t_ree d_ffeeent methods for appiicatior; of ".he COu_la_t t_ t_e

specimen an._ trans._ucers were st,jdied. The first metnod stud}eO ap_lled

:he couplant to both t_,e :na,Isduce_ and :be _ec_e _,w_,, _ _a_u1_.

This technique _esulted in a reia*.Ively t_ick layer of couplant, _he

second _thOd applied coup_a_t to bo:h {_rf_c_ .._.w ...... _;._

resultlng in a thinner coup_ant layer. _ina_,ly. the third method was to

apply coup]a_t only to C_6 _.r_nsC_c_r_. _r_ wa_ r,G _,a_r Gf:_c..'- o,_

t_e _eas_red $WF va1_es as was expected, Tab]e 3. In addition to these

po]ishlng the surface to re_,ove t_e te_t_r_ ',eft _y the scrim cloth



Table Z.

Coup1ant Run
flax

_onaq I

2 174

3 144

4 162

Av9. 153
Stan. Ovt. 18.7

UI t rage1 1

2 176

3 92

Avg. 141
Start. I_v. 37.6

Corn_ ng 1

? 180

3 170

4 122

Avg. 167
Stan. Dev. 31.3

Panametr Its 1

2 236

3 228

4 255

Avg. 241
_an. Dev. 11.5

Yarlatlon of SgF Values with fur different coupling agents.

_F (xlO0): Auto Thres.
H1n Av9 % Otff Max

132 124 128 6.5

162 168 7.4 .34

132 138 9.1 .32

142 152 14.1 .34

140
16.4

132 116 124 13.8

152 164 15.8 .49

92 92 0 .34

130
31.1

194 184 189 5.4

172 176 4.7 .33

138 154 23.2 .29

116 119 5.2 .28

153
31.2

244 225 235 8.0

224 230 5.4 .43

216 222 5.6 .39

234 244 9.0 .43

225
7.4

eMS
Mtn Avg

.40 .38 .39 5.3

.33 .33 3.0

.31 .3Z 3.2

•34 .34 0

•33 .32 .32 3.1

.47 .48 4.3

.32 .33 6.3

.32 .30 .31 6.7

•32 .32 3.1

.27 .28 7.4

.Z7 .27 3.7

.42 .41 .41

•_,2 .42 _ '

•39 .39 0

.41 .42 4.9

2.4



Table 3. Results of study of various methods for applytng couplant

Method Number of SMF, Ftxed $14F, Auto R._S
Tests Threshold Threshold

Mean S.D. Mean, S.O.Rean S.D.

1 12 231 :L 23 1GS :t 40 .34 :l: .05

2 S 251 , 24 177 , 18 .31 , .07

3 6 216 i 24 144 _ 23 .36 ± .05



during manufacture. There was a _all difference in measured SivF

values, but no slgnlflcant l_prov_nent in the reproducibility of the

measured _F occurred.

The third parameter of importance for making the _J#Fmeasurement is

the _thod of application of the transducers to the speclmen. Several

different fixtures and transducer arrangements v_re made and studied for

the relative degree wlth which reproducible _easurments could be

obtalned. Initially, the abllity to obtain repr_uclb!e )F values fr.n_

the supplied transducer fixture was very poor because of the dlfflculty

of applying a unlfom load on each transducer _en in the fixt,Jre.

Figure S shows an arrang_nt _Ich was found to _rk reasonably well.

The transducers were each affixed to the speci_e_ _+h • r.r1_n wh(_

waS tlghtened with a torque wrench so as to apply the load of 20 pounds

to each transducer. A gulde _S ._-de t,, _,,J,,t_J,, +ho _o.+o._+^ ._.+o.

distance between the transducers. Several arrangements were tried for

backing the sample. The best are,.n_n* w.'S a=+o_=a +_ _o _=.

shown in Figure S. A backing plate wlth two circular holes _aS place_

immediately n_xt to t_e specimen _ +h=_ e_ hOlae _"e _i_..oa ._.o.+!,.

under t_e transducers. A second plate .as placed below the first one so

that uniform pressure could be hPn,mnh+ +n h.-_- nn +h.- a.+(

_nt. &#ith this configuration, the reproduclbllity of measJre_ent of

S_ values was found to be within _ lO ;. A later configuration;a;

found to yield equally reproducible values but is much easier to

apply. The transducers were ...... .^a ;.

with the AET _del 106 AU. A sprlng tester. Flg. 6, is used to apply a

fixed pressure tO the _" * ..... " ,,,_ _u,,,,e.,_x_.,e-s.e_;_en confi_uratlan. _"..... '---

rests uoon a plate which has two holes located directly below the posi-

I0



tions of the transducers as is shown in Fig. S. This arrangement, or a

similar one which allows for the __pp!!c_t!on of __ste__d_y; fixed_ pee$$,_Jre

upon the transducers is recommended for reproducible measurements of the

SWF.

2.3 Tests for Determining Effect of instru_e_ttt|on Para_ters

In addition to the need for optimizing the experimental technique

for attaching the transducers to the s_eclmefl, one mu_t also dete_ine

the e. feet of the various parameters that can be set on the instrument.

and .ence determine if there are optimum conditions here as well. Tne

SWF is characterized b$ a count rate made as for a standard acoustic

emlsslon test b_t performed on simulated waves. _e simulated waves are

generated by a tranmltttng ultrasonic transducer and are detected by a

second, receiving transducer. After reception, the number of times the

received slgnal rises above a fixed threshold is counted for a given

tlme perlod. The actual value of SWF is then the total number of counts

obtained In tnls time perlod. If the slmulated waves are generated at

repetition rate r, the number of times the signal rlses above the

threshold In each pulse or burst is N, and the counting period is g then

the SWF is given by grN. These parameters are shown schQ_aticaI|y in

Flg. 7. Here each group of vertlcal 11nes represents a burst or pulse

of si_JIated waves, the period P is the inverse of the repetition

rate r, an_ T Is the tota] t1_ of counting. In thls $i_Hpleexa_le,

the SWF _uld be eighteen, keen conditioning the signal to determine

the SWF a number of para_ters can be contro]led. For the transmitter,

one can set the repetition rate, the gain of tne input signa| to tne

transducer, the type of input (burst or pulse), and, if a burst signal

is used, the frequency and duration. For the receiver, one can control

11



the ampllcatlon of t_e received signal. Fina33y, for the counting stage

of the test, one can set the threshold level and the length of a tln_

gate durlng _nich counts are _de. As snc_ in Fig. 7, the gate is |ong

enough to encompass one entire burst. However, one could shorten the

gate so that not a|1 slx slgnal excurslons above the threshold in each

burst were counted.

The received stgnals are displayed upon a cathode ray tube tn the

Model 206 AU. As _th most such dlsplays, one can set the s_ep t!me

for the beam. Such a setting should affect only the d|splay but not the

SMF value. However. as showe _-... Table 4, ,_,-.,.....,,_,._t!^,,... ... _,... ...._ur_cur"eg.

men the sweep rate was changed, especially at the higher trigger

rates. _Is may Indlcate a slJg_It!nSt_.bJ.]!ty!,-.the e!ectron!c_ for

thls particular Instrument. Table 4 also indlcates tl_at,all other

parameters r_Inlng constant, the _F vat!as d!re-.t]y_.o_ort!on_! to

the repetition rate of the si_lated eves.

The next stage Of our Investlget!on _. +-..._._'-+-_4--.,,_-_,,.'t,.qe...,

If any, the varlous controllable parameters had on the repr_ucil)111ty

of the SWF. TO perform these teStS, oh= spat4 ...... • ........ _.... ,

cooplant was applied and the transducers _ere applled to a preclse loca-

t|on on the specimen. !11e _F ;¢_s ....... , ..._** ,_ .., ..a

held constant. Readings of SMF were made utt1|zing the f]xed threshold

to eliminate some of the effects of htgh background noise levels).

Iqeadings were also ,,_de of t_e "e ""'"- "_ ..........R,.,o ,o,_: f_r _,,: ,:_=I,:d "'""

Haves. When one attempts to determine the S'_F using the Hodel 206 ALl,

oee finds that the value of S_F v_ri_._ ".""

of tlme was allowed to pass until the amount of variation notlceably

12



Table 4. Repetition rate of simulated waves versus sweep rate of CRT

÷ Sweep Rate, usec/div

625 31Z

2 286 28b

l I_3 I_3

.5 71 71

.25 35 35

2 648 648

l 326 327

.5 163 163

.25 82 _2

125 62.5 31.2 12.5 6.25

286 270 269 286 2_5

I_3 143 143 153 143

71 71 71 71 71

35 35 35 35 35

634 61_ 632 695 675

327 327 337 3_B 327

155 163 163 163 163

82 82 _2 82 82

13



decreased. At t_is point, high and low values of SWF (Bnd RMS) _re

recorded for later averaging. The transducers were renoved, the surface

was cleaned, and t_e test was per_omed all over _g_in, _ _=_ of

six :ests were performed for each set of paeameters so that an average

value and standard deviation could be obtained. _e set of :_sts _s

performed on the glass epoxy specimen in the condition as removed _ro_

the press (normal surface condition) and a secon_ Set, i_ a ¢ond_Sioq

where the su-face was polished to re_o_e the texture of the scr_

cloth. The results of these tests are presented in TabIe S, When

_easuring the SWF to determine the possible efects of the various

instrumentation parade_tarson the reproduclbl)ity of its va!Je, an

attempt was made to vary the_so that the SWF was of t_e order of two

hundred. By doing this, o_e iS abl_ tn rnmm_r_ mnr_ _ir_rflv tho _

and standard deviatlon of each measured value. Thus, in Table 5, when

the repetition rate was doubled fr@_ 0.5 tO 1.0, for e_B_R1e, the

voltage applied to the transducer was reduced, yielding SWF n_bers of

150 : 13 and 14_ _ 23 (fixed threshold), ,espec_ively, Ot._erw_se, _n

increase of twi.ce the reoetition rate would cause an increase of twice

rife $WF n,J_ber, as in Table 4.

Rlso, it should be noted t_at the gate width was set to eitBer

_axinu_ or a certain n_ber of graticJle divisions on the CR_, :t was

later datelined that the sweep nn the CRT was not calibra%ed. Hence,

the actual open time for the gate cannot n_w be soecified.

So_e general observations _ay be ._a_e after study of Table 5. For

example, it appears that a repetition rate of O.S KHz or_vides a some-

wna: s_a!ler standard deviation in S_F t_an the hl_ner repeti:ion

rates. A more iqterest|ng oboe,vat]on _a7 be _a_e concerning the



Tal)le S. Results of r ,j h_ _.,:,e*,: ,,t • ,

Normal Specimen Surface

No. of Input Repetition Pulser Threshold Gate** Sweep Auto_ltic Fixed
Test s _t n Rate GaI n usec SWF S_F

dB KHz dlv

6 65 .5 1 0.25 open 62.S 182 ± 10 227 ¢ 9
6 65 .S 1 1.00 5 div 62.5 166 i 8 187 __ 7
6 65 .S 1 2.00 open 62.5 116 ± 9 137 .+ 4

12 65 1.0 3 1.00 open 312 231 _ 23 174 +_ 1B

RMS

.72 .+ .01

.68 .-..OS

.70 _ .OS

.33 + .03

Polished Specimen Surface

6 75 .S 3 1.00 open 312 194 ¢ ;4 154 ¢ 10
6 75 .5 3 1.00 4 dtv 3.2 159 _ 12 180 ¢ 15
6 65 .S 1 1.00 open 62.5 159 ¢ 23 200 ± 19

12 65 .5 1 1.00 5 dtv 625 193 ! 7 160 ¢ 13
6 65 1.0 3 1.00 open 3.2 215 _ 24 144 _ 23
6 60 1.0 1 1.00 open 625 225 _ 22 323 ¢ 39
6 60 2.0 3 1.00 open 312 183 : 35 109 _ 21
6 60 2.0 3 1.00 open 625 121 _ 13 257 ¢ 60

*Voltage to pulser l:(-2SOv). 3:(-soy)

,-,Sweep was not calibrated

.55 _ .08
.51 ¢ .04
.58 ± .04
.58 _ .04
.36 _ .OS
.74 ± .03
.33 ± .06
.40 _ .04



threshold level and the e .,u,-,,. ,,,= =.o,,=, =_a,,u=,u u=v,=_,u,,= o,=

genera1!y obtained with higher threshold levels and smaller gate

w_dths. The reason for this _all_r ...._'_lity '" _"_'"

in Fig. B. If the threshold level Is set low, the counter will begin _.o

detect some of the noise at the "'_' " "

be s,_ewhat random in comparison with the actual simulated signal.

Similarly, if the gat_ i_ set t_ it_ "_"_- 1...._" " '_'_ '_ '.......^ M,u:, =,:,_ l_ ,,,,o a,_v _',,_. .,,=

counter to detect some of the higher level noise at the end of the

signal There is, however, a trade-off that ..... _ -'"" :f *_*l*¢J3 _. •

threshold is set too high and the gate width too short, then it is pos-

sible that a sltua_lon -'_* _xi-" wr,_;'__h_ -'_^ ;"" '_ _" "_*'_"_

for two distinctly differen_ signals as shown in rig. 9. 'qence, in

order to obtain neanin _:I valje._ uf _r. u:,= _,,uu,_ u=

observe the shape of the sim,_lated signal amd choose imstr,_entation

parameters accor_ing;y, in ...... " " "...." *_" ..... " "_" " '*.... _"

t_reshol_ [which eliminates some of the noise from the counting

mediate gate width se'.%in_ a11ows one to obtain .e3roducible S'_: v_.lue_.

:o wi'._in .10%.

3.0 CORRELAT[O_ OF S_F WiT_ FAiL_RE LOCATION ;4 TE_OiLE _P_Ci_E_5

A very extensive testing program was next undertaken t_ study tne

correlation of the SwF vaiue with _mchanica] _roper_ies of E-giass e_oxy

composite laminates. A large number of measurements were _ade on

several different specimens, in general, t_e outcome o= these experi-

ments showed tha% a very _robable correlation exists between initial SWF

n_mber and the location of _he final fa_;ur_ s_te ;n C_e iaT;n_tes w_en

tested in quasistatic tension. However, to detect thi_ correlat_om, o-e
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needs to exercise extreme care when selecting the appropriate irstrumen-

ta_ion parameters for conditloni_g and cou_ting t,he _i_nal_ of t_e _u-

fated waves. This section will be written chronologically to present

=he data in the sane "ashion it was observed in the laboratory.

The E-glass eooxy specimens used in tnls study were nominally

either two inches or one inch wide by eight inches long. Several dif-

ferent stacking seouences were investigated. =or each specimen, initial

measurements were made of the SWF before the specimen was loaoed quasi-

statically to failure, l_e SWF was _easured at eight different

positions along the longitudinal axis ano at eight oifferent positions

transverse to the axis (for the wider specimens only), Fig. 10. The

transducers were mounted in the AET fixture which maintained a distance

of I 3/2 inches between transducer centers. In Fie. 10, the transducers

were placed so that their centers were located at the ends of each

position when the longitudinal measur_e_ents were made. Hence there is

some overlapping of material covered by consecutive _easurements. For

the transverse SWF _easurements, the line joininc the transducer centers

was perpendicular to the specimen axis.

At each specimen position, ten individual _easur_ents of SWF were

made for fixed values of the following parameters: threshold levels,

gate width, fixed thres_old_ and automatic threshold. Table 6 sum_a-

rlzes the tests that were run. For each SWF measurement, the %rans-

ducers were removed from :Be specimen, the couplant was cleaned from the

surface, and the test procedure was repeated as originally with the

transducers being applied to the same position on the specimen for a

total of ten ti_es at each location.

17



Table 6. _n_ry of experimental conditions

Number of Tests Per Point
Longitudinal Positions Transverse Positions

_reshold Fixed Auto Fixed
Level SWF SWF RMS SWF

O.ZSv 10 10 I0 I0

0.50 10 I0 - 10

1.30 lO I0 - I0

!.50 lO lO - I0

2.00 10 10 - 10

2.50 I0 10 - I0

3.00 - - I0

3.50 lO 10 - 10

4.50 10 lO - - -

Note: ,'his table was repeated for two gate widths:
open and four divisions.

Auto
SWF RMS

10 10

10

10

IO

10

10

lg

10



For the resultfng data, two type5 of data presentaC'---,u,,=_r_

developed. First, the values of SWF were graphed versus the threshold

leve_. _ example Is glven In Flg. ii. me shape of a11 _,_e o:nee

_raphs, i.e., for the other posl_Ions and gate _dths, were very similar

to that ShOv_n in Fig. If. Me error bars, as indicated in Fig. 11, _re

general!y smaller for the lower threshold levels.

A second method for presenting the data is to graph the values of

(longltudlna|) SWF against position along the specimen, keeping all

other parameters constant. ;_ example of this is shown in Fig. 12.

Here the SWF value obtained by the aut0_tic threshold feature Is

plotted versus the longitudinal position along the specimen. De gate

width was set to four dlvlslons on the CRT and each of the four broken

tines In Flg. 12 corresponds to a di?ferent value of threshold level.

The most Immediately apparent fact from such data is that the SWF value

is highly dependent upon the Instrument sett|ng. If one were to attempt

to use such raw data to predict, for example, the ultimate failure

location in _he speclmen, it would be quite hazardous to do so. _e 1.0

volt threshold level would Indicate, based upon the lowest value of SWF,

that the failure location would be approximately at posftion 12. _ the

other hand, if a threshold level of 1.5 v were used, the failure would

be predicted to occur around position |8, _ile a threshold _evel of _.5

v wou|d predict the position 15 or Ig. It should be pointed out here

that one might also plot the transverse SWF values as a fJnction of

position along the specimen. When this was done, it _s found that

there was no correlatlono In general, between the predicitions of trans-

verse and longitudinal _F values. That Is, the low values of

Ig



transverse SWFdld not generally occur at the same region as the low

values of longltudlnal SWF.

This specimen, ([0,903]s, E-glass epoxy laminate) was then loaded

quaststatlcally to failure. The final failure location is indicated by

:he shaded area at the bottom of Fig. 13. At this point, each me_.ber o"

the various curves that had been plotted as in Fig. 12 were checked to

determine, after the _act, which set of parameters would have come most

cIose to predicting the final failure location. _ indicated in Fig.

13, the one Member of the family wl_ich most closely predicted failure

was that one having the following set of parameter values: threshold

level: 1.00 v, automatic threshold, gate width: four divisions, longi-

tudinal SWF. An additlonal four specimens were tested using exactly the

same experimental testing regime. After each failure, the single member

of the family of SWF - position curves _iCh mOst closely predicted the

final failure site was found to nave exactty the same set of parameters

given above, Figs. 14-17. Thus, it appears at this time that the S_F

correlates woll with final failure 1ocatlon If t_e material - SWF

_easurement syst_ is carefully calibrated.

4.0 INTERPRETATION OF SWF

The question of how to interpret the effect a ma:eriaT has on a

mechanlcal wave propagating through it is, to say the least, a classical

one. In general, consideration must be given to refiections, mode con-

versions, various attenuation mechanisms, dispersion, etc. Any

variation In _terla] condltlo_ .I;I ho_]Iy cause a change in one or

more of the areas n_ntloned. A precise description of a _aterial's con-

dition is, however, not possible using these concepts, it ._ust be
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recognized, of course, that a precise description of the ._aterial's con-

_ition will at best facilitate a detemination oF the stiffness since

the strength or life depend on the nature and history of the applied

loads. In a large structure, the task of determining the condition of

the _aterial everywhere is impracticaT so It Is much more deslrable to

determine where the condition 15 poor. Kn_wlng _h_, diZenS.ion can then

be directed at ascertaining the exact condition. It would appear that

the SWF technique as applied in this study possesses a tremendous poten-

tial for doing Just this type of inspection. Experi,_ental evidence

indicates that a low stress wave Factor corresponds to a region in _ich

".he mechanical response is poor, relatively speaking. "_._y is this so?"

_s a question whlch CoTeS t_ _f;d i_,edlately. '_a_ the _;F value

obtained at fixed settings be uniquely ,elated to the rklte-ial's

condition _' is ar_other. Sev@ral fi_ir;gs vf _,,,> >_._y _=_. _u w Jv,u_

iqsight regarding these ouestions.

First, since the S'AF procedur_ utll _....,.=_ t._ tr_r,SduC_r5 It, contact

wlth the sane side of the specimen, a tec_nicue _erfor_ance parameter

value nay be selected based on the reallt.v of the finite tra_sdJcer

since at least the volune of material bet_ee_ the transducers ir.f!uences

the measurement, so_e con_usio_ exists ._S tO hO_. tO _.SSOC!._t._ tg_ .tHF

value with the Material _elng examined so, as to allow for _ea.ingful

data interpretati09. "his _il_ i{ chr_w_ _nhlr_11.}_ in _i_ 'Q f_..

region of _ateriai _hich is three times as long as the transducer sepa-

ration and where the examination is perfor-w?d witgOut a.y overlBp _._ Sge

regions being _-xami_ed. _ny atte_ot to localize the measurement to a

2"



point cabsesan artificial shiftin_ of the data. That is, in Fig. a)

the value of S_Fhas beendesignatedas being the value f_r the e_tire

re_ion betweenthe transducers. )n Fig. b) the SWFvalue has been

assi)red to the point whe-ethe transmitting transducer wasplaced,

while in rig. c), it has beenassignedto the location o" the

receiver. If the regions _f inspectlofi overlap, locailzatioh of t_e

values to a )oi_t still causes data shifting, but eliminates the

confbs!on of more than o_e _r va mue e_ _.ne _am_ )oca_on, Fig. i@. "n

this instance, however, the assigr_ent of an SWF to the transmitter,

Fig. b) o_ to the receiver, Fig. c}, will cause a relatively large mis-

placement of the predicted failure location, i.e., the point of lowest

SWF. Ar alternative procedure .hich e_,able_ a,;a_saciatlon of tt,e SI_F

val.Je with a local region of the mater_al has been devised. It involves

averagin_ in conjunction with tr_e overlap _a_u_eFw)_t procedure. T),I_

is oescrl)ed pictorially in Fig. 20 and has been applied to the data

used to obtain the plot in Fig. 13 and the_ ylelti_ F.O. 21.

It is interesting to note that if one _inits the spacing betwee-

t_ansducers by the _oeclal case of the _ace tFa_ducer actl_,g a_ bath

sender and receiver one realizes that the measurement of SWF would be

related to the conventiahal pulse-edKo A-sca,i. I_oweve_, t,_e uh(clue

feature of the SWF technique is the sensitivity of the technique to the

structural configuratlo_ of the uuj=u_......."),at i_ to ;ay that the

material's internal structure, ply interfaces, ply orientation, and

boundaries cause the stres_ ,ave tv _r_pagat_ v_, ,_,_v .:,c _R=_,, =, to

point where the receiver is located. This feature _akes it possible in

th(n spec_e_S to interro§at_ the _at_rial in th_ _,a_ _,Ir_ztlo_ in

which st?esses resulting from applied load _ould act. interrogation in

22



these directions, as such, would be expected to find regions of the

matertal responding in a fashion _(ch _uld be pecuiiar _o the(_ con-

dttton, as related to mechanical performance. For example, the region

which has a poor performance ,egardlng stress wave energy propagation

would be expected to test as a region of low S_F. If this number is the

lowest in the object, its performar_ce _uu,u......be CO_S_ered tO ue'" t_e

poorest. Consequently, if all the regions were subject to an identical

state of stress, the derogation In th|5 recj|o_ m_|§ht be expected tO be

the most severe, and the site at which failure initiates. AS has been

indicated earllero clear evlde_ce ex|sts _Ich ;up_ortg t_,I;

suggestion.

However, some question exists regarding t% _Ao_" r_'at;onsh;p u

the measured S_R and the strength. Further, because of the temina|

nature of strengt_ deter_,,,i-_-- *_^ "-_ _" .... "_ ^" ^'_^-IWII U;II_I

regions cannot be dete_tned. It ts important to recognize at this

point In addition that the ...o.^°h !S _°"°"_°"* _" +h.... _i._ .._

histo-y and future. _at is to say, for a particular piece of _aterlai,

the strength of any -eg_on _ -o_ ""_"_ r_._o.,,o.._ _ _

questionable to expect a relationship to exist In_eneral bet._en the

SWF measure and stren_h. _ _y ",_'_ • p_rt!cu!_.r.._+_n- +_ --_+

between $WF. strength, and specific load history. On the othe- hand the

stiffness of the _teri_T is _ependent on its present cond!t!en alone.

_erefore the |ikelihood of some correlation existing between stiffness

and S_F is plauslb!e,

As is perhaps already evident, the ter_ "_tiffness" is being used

in a somewhat unorthodox ?aSh!O-, C1as_-sic-_!!y,stiffness !s co-_!__ere_d

to b_ a structure-insensitive property. _wever, because the very
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nature of the composite material is that of a structure, the property of

sti?fness must of necessity be structure sensitive. T'nis is not to say

@ @ D.ha. the stiffness of the constituents of the composite material l.e.,

the fiber and the matrix is structure sensitive. _evertheless it is

necessary to recognize that, since laminated co_M)osite materials may in

general continue to support load even after sustaining considerable

damage and may exhibit property variations from point to point in even

the undamaged conditior because of problems during manufacture, deter-

mination of stiffness is ine_rlcably linked with a gage length.

As part of the work conducted under this grant several experiments

we-e perfo...-_edwhich were directed at co_aring the stiffness of the

n_terial to the measured SWF. i-metechnique of moire interferometry was

utilized to obtain whole field in-plane displacements during quasistatic

tension {Aopendix). Since the interference patterns obtained May be

interpreted as displace,_nt, it is possible to deternlne the stiffness

at every point along the le.ngth of a straight sioe_ coupon specimen,

subjected to tensile load. Fig. 22 shows the no're interfero,_trlc
Q

pattern obtained for 2000 _strain applied to a i inch wice [O,g03] s

E-glass epoxy laminated specimen. Using this pattern, the local

stiffness was determinea along tne length of the specimen. These

results have been con1_ared with SWF measurements r_de on the same

specimen, Fig. 23. Ciose correlation can be seen for this example in

which the averaging scheme described earlier has been used. Further

work is necessary regarding tBis correlation in that a variety of

material conditions _ay give rise to the same material stiffness, _is

is because the stiffness integrates all of these indivic_ai effects.

How although the $_F ._asure_ent also integrates, it has not been

2_



established that there exists a one to one correlation between SWF and

stiffness. That is, different nklterial conditions which give rise to

the sa_e stiffness may be measured as being different by SWF, or vice

versa.

5.C CONCLUSIONS

An extensive, careful testing --_--a _ _,, _oo- _°-_^-_ *" "o+o--

mine the reproducibility of _asur_nt of the stress wave factor. _ny

different parameters were _--(o" _..i,,.(.. _,,_i.., i_._ ho-_°o_

transducers and specimen, backing arranger_nt, surface condition, and

instrumentation settings. Using +ka AZT _ _n_ _:t • ¢^,,_ .k_+................. , _t W_S ...........

a'.l of these parameters played sone role in affecting the absolute value

and standard deviation of the SWF. _e standard deviation can be

reduced by opti_un selection of particular values of these parameters.

After neny tests and observations, it w__s _.et___ined that the SRr v_.l,?

can be measJred reproducibly to within en error o_ *!01[ if care and

experienced operators are used.

Further tests were performed to investigate the correlation between

local SWF values a_ong _he !e_h of E-9_.ss epo,y l._mina.tes_.n_ the

site of final, catastrophic failure wnen tensile loading was applieo.

It was first found that the S_WF ve.sus position curves will vary s_b-

stantia_ly depending upon one's choice of instrumentation para_w_ters

used to make the SWF measuren_nt. A dif'erent set of parameters will

yield a different location of the lowest SWF value. If one wishes to

relate the lowest value of SWF with final failure site, it is manc_tory

to perfor_ a careful testing ano calibration program, using a wi_e range

of parameter settings. We _ound that, after test!nn three coupons,

there was or_ _en_e _ of the fari ly of S_-position cJrves _nich
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correlated ,_ostclosely with the fi-._!fS_1,,j._si-_. For _3Ch ¢_peci_:e_,

this particular member had precisely the same fnstrJmentation parameters

in each case. Add_*_ona!,., _oceo_.._._.¢.o_.__...,.,_ ,_,_,_o.o._.,,o_-4_:,°_,,,._., _..._ ::_!9_ *_o.,,.

sa_e oaraneters _or SWF neasurenent to predlct a prio.i the final

A _oire interferometry technique, a_D1"ed to two E-glass e_oxy

applicatio_ of a tensile lOado The toca_ stra_._ "ields, i.e. the dts-

placc_qent gradients, were _-,*-, *.o _° _-_'_-_^,,_ _o_"_o _" 1_,_

differences 1_ n_terial stiffness. When SWc measurements were comoared

between those regions when the strain was the greatest (or local

stiffness the :east) ar.d the - _' ^"--*_-_-_ _'.._-_ *_- 1...... * ..-_..-

o? SWF. Whether or not this observat_o .,will hold i_ general has yet to

De determi ned.
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APPENDIX - CORRELAT_OII Or THE STRESS WAVE -'ACTOR,I_ITH ,_I01REI;ITER_ERO+IZTRY

by Anil Govada

ABSTRACT

A _o,g03] s _lass epoxy _omoosite laminate, vir_ir, spe:i_en, was

evaluase _.Dy ;he "Stress Wave Factor" ,_ e,,__r_ t_chr,iq,.e. The low va',ues

of SWF correspcnaing to th,e "week': areas en the speci_er were no:ed.

Ultrasonic C-scans of the specimen supported the SWF results. The in-

plane dis_lac._nents, u, of the specir,_n were obtained, under ioaC, using

"Moire :nterfero,,-etry." Loaaln; was stcpi)ed after the first p:y failure

of the ]a_nate occurred. The in-_]ane displacements _n .a_ s_ecir.en we-__

obser'md. The areas of high j disp;ace_ents on :he spat'r.on corres-

_n(_e_ quite well with she areas o_ low $.F. Lcca; s:if_r,esses were a_s_

ob..ained fror the _oir_ fringe patterns on the specimer, ar,d coerelated

_'ce _e_1 _ith the S_F _sJ:ls.

Stress ._ve :acto_ (SW:_ -o TDeor/

5tres_ _ave ?acto_ _I] is a _e£s_re c_ %_e stress _ave ere-]E

zrass_isslo_. ,he stress .ave 4_c:or provides a _ea_s :f ra:'_ 5 :Fe

e_f_c_erc_ _ c;ne_c _trai_ energy transfer :- a _iven ccr_os_t(

,,_ateria_. ": the nateria] exhibits an efficient stress _ave e_e_g_

transfer. :_en it will have hlgner strength. T_a: is, bet:or stress

_ave transmission _eans :otter tr_ns_issicn o_ _y_a_ic stress and ioao

_ist_i_btlc_. Ccnverse_y, _ow values of 5_Fwc_d i_ic_te :_aces _here

the _yna_ic strzln energy is _ikely to c_centrate and prcmote _racture [2].

Migter at:enuatio_ give_ r(Se to a 30_r _F. in O_5_r ._O_dS, _!,e

hlgner tt_ 5_F, the less the attenJat!o_ of streSS wabes.



The SWF is basically a combined ultrasonic and acoustic tecnn_que.

A schematic of :he SWF set uP is sho_ in Fi_. _ ^ _......._°....._"

pulse is introduced at one point on the specimen and it is n_nitored

acoustically at so,,-_other point on t,he_a_ 5_eci_en. "_- •...... =

at+enuation of the ultrasonic '+aveis converted to a nurerical value

called SWF after appropriate _ignal conditioning. _e S_F itself i_

defined [3] as the nu.nd_erobtained by _Jltlplication of the number of

ti_s the voltage ;oval of a single signal exceed_sa set threshold level

by the pulse repetition rate (!/p) and by a pre(!etemined length of tl=e

before the counter is rese% (T). This is sc_ematicaiiy sho_n in Fig. ib.

SWF = C." I
+._

where

C = total n_ber of counts of a single signal that exceeds a set

threshold _eve]

" = t_ before the coJnter is reset

= pulse repetition rate
P

Very et at. [_] nave s_own that the SWF decreasea ;e_ortionally

with fractional powers of ultimate strength a_d _t ray be an Jse_ul a!_

in predicting failure locations in tnin composite laminates. They _ave

reported data that shows final fracture of the speci_w)noccurs at the

lowest value of the SWF. This _s _een con_ir_ec tca cer-.ain_eg,ee _y

the MaterlaRs Eespcnse G_oup Z3_ at Virginia Tech. B_t Curther _vork is

needed +_ esta_:is_ exactly the rela_icnsri_ between the various exFer_-

•ental parameters and the _ec_nical _ro_ert!es. The stress wave "actor

_tainec for a g_ven test area o_ a given test s:eci_en cepends c_ the



wavepropaga:io_direction relative to the f_ber_. C:her factors that

_:_ence =he _ag_i=ude of the value are _ibe_ _nd_, f_be_-¢e_in

ratio, Ticro voids, in:erla_inar bondings, etc. The SWF obtained is a

.::reI_re:a:_ve nun_e_ :hat wi:_ oi_f_r subs:ar:ial_j _or _i=ferent

s_ec_en geone:rles, fiber orientations, widthS, thicknesses, .,-_ter_als,

transducer ;eessure, coupling agent, signei gain, tnresnclc vol:a_e,

gate _idth, etc. Fro_ the pre!imina_y_rk that had been done at

Virginia Tech, a part|cu]ar set of paraneters have been ¢ound to give

reproducible resul:s. Th.esa...meset of ex_r!Te-ta_ parameters _e used

in this st_d_.

_ir_ Inter_e_.ne.t_X"_.eflection)-- Theor_

_oir_ interfer_etry deper.Osu}cn _i_frac=io_ of licht as wet" as

interfer__nce[_'.'..v.oirefringes are obtained by using dIffractis._

gratings. A gratimg is a surface with rs;u_ar'.'ys:acea _ars or ._r_-,_.

The cistance between T_o consecutive bars is called p'.tcr.,c. .-'_eqbency

cf a _atlnc is ".hen'_Der cf :ars _er ._ni=_en_tn

l
F "- --

"'-'".. " .,_, :i C_A g_ating divices _ver)"!nci_,er.=,_.,e'-_;ri_'o a ,-,ul°:''; t)'

wave:rair.so._ smaller intensities; and it causes t_ese wavetralns to

par¢icular anGie or.the grating mivimes it into a series of beams that

and are _.u,_:eredin sec'Jencebeci_ning with t_e zero orCer, which is :he

_irror ref;ectlon of the inc_er.: _--- "_.... '- _"w@'r ..... ;"_

:orang d_.=;ractior,orders i_ _.r..al_.%r a coarse _r_ti_ an{ _t is la-_.e
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for a fine grating.

The grating equation defines _he angles of diffraction, vlz.,

Sin e = m_ + Sin

where m defines the diffraction order of the beam under cons(deration.

Coarse moir(_is produced by the superposition of two coarse gratln_s

with frequencies in the range of about I to 40 l!nes/_, One of th_ is

an active grating (glued tO the surface of the specimen) and the other a

reference grating (virtual). The vlr_! grating is fo.r_e...dby the

intersection of the _vetrains from the reflective active grating and a

mirror beside the ictlve grating. Fig, 2 s_ t_ _i_ !nterfere_+.r_

set up.

Molt( fringes are the locus of _M)intsof const.Jntdi_!_.c_,.-_ntc.,

specifically the in-p!ar_ displacement component in the direction

I_dlcular to t_ lines of the ,,?_*--_- .,,+i,, tel _.¢ _.(..o

order, N, tier.oresthe number of cycles of intensity fluctuation exPeri-

mentedat any poin_ as t_e displ._c_n; ch._ngesfr_ ze_ :o !tS f'_n-'-!

val_e,

. • g Nx; x --longitudinal direct!on

v = g ._y; y = transverse directicn

--u,v are displacements in the longitudinal and transverse directi_r,s

--g = pitch of the reference grating

--.Nx, ,_yare the fringe orders when lines on the reference grating are

perpen_icu?ar to the longitudinal and the transverse oirectHor.s,re-

spectively.

Frcm the Oisplacements w_ can get strair.s



.du
E

x dx

dv

r = du + dv
Yy dy d.-.

w_ere =-xand _y are the normal strains ar,d y.,,yis the shear strain.

Stresses can be determine_ using _tres_-_trai_ relation_h".,p_. S_F,c_

the strains and the associated displacer,.entsare very small, 9ratincs of

fine pitch and high frequency are required [4].

A grating is made by exTmsing a high-*e_lutiO- ._hr.*mer_n_ir _I_°,,

to D._ointersecting oeams of coherent light. Frequency of the crating

is controlled by the ar,gle of imterse:tic,r,.....w_.. °^

)
Sin m - - f

where _ : ir.cidentane:e

- wavelength of light :sed

f - g-_uer,cy of grating

The T_o _ntersectimg bea_s give ris6 to a _,, ac.,cr _attern e_ _iq.nt

anC dark _.arcs. When the _!ate is de'velc&ed s_.ver grains .erair.in t_.e

exposed zones, whi-e the si,ve_ is ieacne: cut i_ the &nexpcc.ed zcmes.

The gelatin r._trix shrinks _pon drylne, but since it is :artla_ij

restrained _y the silver, shrinkage i_ o_+,{, ,_ "_ ,:n_z_=d _n_.

The result is a plate with a furrowed sJrface wnicr,can be _sed as a

grating The gra:ing is ,',_--_-_-o"' ' V ' "" _ l" W : t _' ' a _ &_ _ " ' " * _ " ' ' " { " = _ _ : _ "

tire .-_allties. The _rating is the: tra_-:ferred arc attacre _.to :_e

smecimen _ith at,adhesive.



EXPERIMERTSANDRESJLTS

Initial Inspection

An ultrasonic C-scan of the specimen is shown in Fig. 3. There are

c_early i_cications of f|aws near the center anc the top of the specimen.

However, X-ray radiography and edge rep!ic_tic_s _i_ mot !_d!C_:e _y

f]aws in the material.

Measurement of the SWF

The SWF masur_._._ntswere _de using a commercial instrument.

Three_sets of measurements were ._d_._in.g.....,h_.,..io_-_.. _, _._ _,_o_

Fig. 4 schematically shows the orientation and various positions of the

transducer assem,bly on the sQe:i_e_.

effective gage length of about lOcm.

Z.Scm.

Je °
• t

The width of the specimen was

-he experi_mr,tal parameters used were:

Threshold : ].CO _o'-',._

Trig rate : 0.5 k

Scale : IO0

Rate : 1.C sec

Gain : _S ¢9

Trig. ,_ode : pulse

Sweep rate : 62.5 u sec/div.

Energy : 2.0 units

Gate : _ _ sec

M_de : auto

CouQ_ant : P_Ka_trics

P_

b_



Distance between
the transducers : 1.5°'(fixed)

Pressure on each

transducer : 6.82 kg

T_e SWF values for the various positions on the specimen are plctted

in Fig. E (average value of all three lines). Note that the center and

the ends ¢f the specimen have low val_es 06 SkF. Fig. 6 is a 3-D plot

of the S_F versus the location on the Sl_ci_en.

Heasure_ent of 31splace_._ntsby _Ir_ Int_rfero_e:r_

Mbir( fringes are oOtained by superimposing a carrier pattern with

a live load pattern. ,'hecarrier pattern ha_ two f_nction_:

I. to get easily inter)retable fringes, i.e. wide apart and

resolvable to the naked eye

2. to introduce apparent strain so that we can co,pare it wlth

the load pattern to get relative displacement contours.

A grating of 1200 lines/me was giJed to the speci_mn so that the

furrows on the grating 'werealon_ the Iongitucinai axis o6 the speci_er.

The frequency of the virtual grating was 2400 i!nes/-m. The effective

field _as about g.Scm x 2._. T_e _iela size is ii=itea by :he size of

the lenses. Since the gage length of the specimen under study _as

10cm x 2.5c_, the field obtained here was quite adequate. T_e sceciren

was _hen fixed in the loading fra_ of %he molt( in:eri_erc_etrysetup.

A carrier pa_tern o_ iO iines/_ was initially _ade. T_e :arrier

pattern was taped onto a clear glass plate in the camera asse_Ty.

superimposed view cf the carrier pattern and the live pattern was ebta!nec.

At no load a perfect null Zle!o !zero f_in_es) is desirable but often it

is dlff_cult to achieve, in this Study a perfect null field was achieved



_. . ._ ... J --at no load. The specimen was then loaded w vaF_ous l_vels uf >Lr_,,.

The strain was monitored using a strain gage cemented to the back of the

specimen. A temperature co_pensal:ion gage was also used to take into

account the changes in strain due to thermal variations. Photographs of

the superimposed carrier and :he live patterns were taken at these

following strains:

500 UE; .......................

1.800 uc ......................

2000 u¢ .......................

Fig. 7a

Fig. 7b

Fig. 8a

Fig 0_EH 2300 uc ........................ _

ExSdenotes that extensional _isratcn had beer introduced at these

strains. This iS necessary wizen th= fr'.;ng_s =:= =v _,u=¢ _u_¢_,,=, that

the human eye cannot resolve them. The extensional mismatch introduced,

removes the average displacements froe, t_v__i_¢e pattern,, to that

Fringes renain only in the high dlsplac_ent areas. Extensional _is-

_tcn can be incrcduced by changing th.eangle at which the bean is inci-

dent upon the specimen. _Jhenstrains are co_uted fro_ disp_,ace_ents,

care shoul_ _e taken tc accoun_.for the average dis_iac_n*.s that nave

been re._ove_.

Heasure._ent o_ Loca_ Stiff_e;s_s

The moid _a:tern at 2000 uc was used to _easure the _oca! s;rains

a_ eacn node point on the specimen. There are _evenCeen _oCe _oint_

for each line alcn_ the length of the s:ec_en. There are three lines;

see Fig. 4. Two-t_ousa_¢ u_ was chcsen, as this ;eve_ o_ strain ¢id not

fail the 9C° plies in the _aminate. As the axial io_d on the s_ecizen

_7



iprocal " "was constant, the rec "" str_In ....._" .........,_,,w.._. oo_._

ness. The stiffness values were measured at all fifty-one (17x3) points

on the speci.n_en. Fig. 9 shows a pl'* _f loca_ - " ...............

position on the specimen.

Di scussion

Observing Fig. 7a and 7b one my see that upon increasing the

strain, the dlsplace_t contours n_-_H,,_llv ehane_ ¢_. _ ,,a(f_

field, Fig. 7a to a nonuniform one, Fig. lb. At 2000 u¢, Fig. Ba, which

is a little lower than the failure stra;n _-- o_= _I;_....w_
e_qJI ll_V Ilel I1_11' III Iip#l_I ill_vlo Illl_ll

shows high dlsplaceme_ts near the center mnd the ends as indicated by

fringes that am closely space_. The _r_ o_.=-_".....o,,.__,_._-_....*_.,¢.....¢,,._,'_-

had lower numer of fringes corresponding to lower displac_nts. Note

that the r_ir_ fringes cannotbe "_- -_......." "_- _......._ -" "_-il. ll_l IJ ._'_14 ¢Iil* _lll_ 1_4J_44/111 _]i L_ 11ill _11¢

speci_n because of an irregular scrim cloth pattern which resulted from

the specl_en fabrication. Frou the _Ir_ frlr,_e;It 1_ clear t_,at*_"

weak areas obtaine_ with the SWF technique (Fig. _.) at the center and

the ends of _.he soecimen co_'res_o_d to _egions .,,_r_.... t_e di_z:ace..T_nt

contours are closely s_aced. That is, areas of high _isolece_.ent corre-

sponO "o. low stress wave energy trahs_issio_: such-"" a oe._v:_r _m_nu_ _

expected of weak re_ions. At 2300 ue, Fig. 8b, at which the go° plies

failed there was so_e _otation Of *.he ,_in_es, but the F_'_ge_ _re

still closely spaced at the center and the ends of the s_eci_en. FrOm

Flg. 9, it is clear that the posit_ons oF low S_F cOrresF_ond Culte ^e:'l

with. the areas of low stiffnesses cn tne s_ci_n. From these results

it can be suggested that the varlat!on o: str_!n energy ciens6ty could )e

related to

c_



the energy transrissicr,(S_;F)_,_this speci_,er. The varia:ior,of strain

energy tensity car.._eevaluate_ from,,t_,e,_oir__a_terns. Va_ation c_

szr,_in_m_rgy density is w_rK. and this can be related tc the S>:F.

"he s_eci_er,after beir,g removec frcm tr.eload _ra:._eof ".he.._..ir_.

interferometry set up was =u_leC ir,quasi-static tensicn _r_tiifir.al

fracture. _e spec!_,e_f_iieclin the +-_ .._n ,_ _o_,,_- -...

•,ake _eamin_f_l correlations between this fractjre, the displacem.,ent

contours arldthe SWF val_e_..,_._sured---'_ "_- '-° .....

failure in the grid r_ion is co_licat_ even _or_ by the cc_np!ex

stress state caused )y th_ grlp_. Hc_-_v_, it i_ i_t_e_ti_c to .oi_

tn_t the top grip relier had low values o" SRF; see Fig. I0.

Future _k reco_6nded in¢iude_ the n_asure_nt of _th b anc v

_isplacerent fields ant the deve!_prent of a mdel based on :he va--'_.tic.

c" strain energy CenSlty and the _F.

Co_clusions

The ccnc!us'crs frc_ %_iS 3;JCy'arE:

_. Voir_ in:er_er_etry is a _segul _eJ.hcdto thee< "._evallc_-.y

of tne S;_F _ "_ ier:.r.s_,-:_,a_ trere _a_ an excel_--- ¢crre'at:zn

:et'veenthese two technicjes.

.cc.,*stiffness val_e_ obtal_,edfrom :me r._ir6{rVr;e pazter_,s

ccrrela:ec qui=e v=e!lwith.the S;-_Fresults.

A correlation tet..:ee_,:_.eici'.iaiC-sca_ a_ zte ...._esb:ts

_,as oi_ser'_.d.
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a) Schematic of the SWF experimental setup.
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Figure 2. - Schematic of moire, interferonetry setup.
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16. Abstracl

A testing program has been undertaken to provide an independent Lnvesttgation ar_ _val_atlon of

the stress wave factor technique for characterizing the mechanical behavior of composite

laminates. The present report details some 04 the data wluch have been obtained after perform-

trig a very large number of tes_ to determine the reproducibility of the SW¥ measurement.

It has been determined that, with some optimizing of experimental parameters, one can repro-

duce the SWF va/ue to within ±100-. Results are also glven which show that, _ter careful

calibration procedure_, the lowest SWF value along the length of a specimen will correiate very

closely to the site of final faflure when the specimen is loaded in tension. Finally, using a moir_ I
inter_erometry technique, it was found that local regions hax_ the highest in-plane strains
under tensUe loading also h,_t the lowest SWF values.
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